Aster yellows and beet leafhoppertransmitted virescence agent (BLTVA) yellows are phytoplasma diseases that affect a wide variety of wild and cultivated plant species, including many umbelliferous crops such as carrot (Daucus carota L. subsp. sativus (Hoffm.) Arcang.; 1). Aster yellows and BLTVA yellows are caused by two genetically distinct phytoplasmas. Aster yellows is caused by a phytoplasma in the aster yellows group, 16SrI, and is the most common phytoplasma disease of carrot in the United States (14, 18) . BLTVA yellows in carrot is caused by a phytoplasma in subgroup A of the clover proliferation group 16SrVI (26) , and has only been reported in the western United States (1).
Symptoms caused by aster yellows and BLTVA yellows in carrot are very similar. The aster yellows phytoplasma initially causes yellowing of leaf veins, which progresses to chlorosis of entire leaves; formation of upright, chlorotic adventitious shoots; mild bronzing, reddening, or purpling of older leaves; and reduction in size and quality of taproots with proliferation of secondary roots. Late in the growing season, flowers of infected plants display phyllody (formation of leaf-like petals on the flowers) and virescence (greening of the flowers), with stunting and chlorosis of the plants (1). Infection of carrot plants by the BLTVA yellows phytoplasma results in mild chlorosis and reddening or purpling of the lower leaves; development of a thin, woody taproot with excessive proliferation of side roots; and premature flowering of plants early in the growing season with proliferation of compound, leafy umbels that display virescence and phyllody (1). Although aster yellows and BLTVAinfected plants have been found in the same carrot field, co-infection of a plant with both phytoplasmas has not been demonstrated (1).
Over the past decade, a phytoplasma yellows-like disease has been observed in several processing carrot crops in south central Washington. Symptoms included yellow, bronze, and purple discoloration of foliage ( Fig. 1A to C) , general stunting or rosette formation of shoots and taproots (Fig. 1B) , and formation of multiple taproots (Fig. 1C) and/or bunchy, fibrous secondary roots (Fig. 1D) . The incidence of symptomatic plants in individual fields was <5% in nonepidemic years but as high as 100% in one crop in 2002, resulting in significant economic losses in processing carrot crops in this region of Washington. Although symptoms were typical of yellows diseases caused by phytopathogenic mollicutes, i.e., phytoplasmas and spiroplasmas, they were distinct from those typically caused by aster yellows or BLTVA yellows phytoplasma strains in that infected carrot plants did not develop adventitious shoots, virescence, or phyllody symptoms typically associated with aster yellows or BLTVA yellows. Initial polymerase chain reaction (PCR) assays using primer pair P1/P7 (14) for detection of phytoplasmas yielded negative results in all samples tested. As a result, additional assays were carried out to detect strains of both phytoplasmas and spiroplasmas. The objective of this study was to use PCR primers for phytoplasmas as well as PCR primers for spiroplasmas to determine the cause of the symptoms observed in processing carrot crops in south central Washington. Preliminary results have been presented (11) .
MATERIALS AND METHODS
Carrot samples. Leaf and root tissues were sampled from a total of 59 symptomatic carrot plants collected in three locations within a 30-to 50-mile radius in the PCR and restriction fragment length polymorphism (RFLP) analysis. Total nucleic acid was extracted from 0.5 g of leaf petioles or vascular tissue of the taproot of each of the 59 carrot samples according to a modified procedure using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA) as described by Green et al. (9) . A nested PCR assay using primer pair P1/16S-Sr (5′-AAGAGTTTGATCCTGGC TCAGGATT-3′/5′-GGTCTGTCAAAACT GAAGATG-3′) in the first amplification followed by R16F2n/R16R2n (5′-GAA ACGACTGCTAAGACTGG-3′/5′-TGACG GGCGGTGTGTACAAAC-3′) (13, 15) in the second amplification was performed to detect phytoplasmas in the carrot samples. A negative control, devoid of DNA templates in the reaction mix, was included in all PCR assays. For PCR amplification, 38 cycles were conducted in an automated thermal cycler (MJ Research DNA Thermal Cycler PTC-200) with AmpliTaq Gold polymerase (Applied Biosystems, Foster City, CA). PCR was carried out in 25-µl reaction mixtures containing 1 µl of undiluted nucleic acid preparation (100 to 200 ng), 200 µM of each dNTP, and 0.4 µM of each primer. The following conditions were used: denaturation at 94°C for 1 min (11 min for the first cycle to activate AmpliTaq Gold polymerase), annealing for 2 min at 55°C, and primer extension for 3 min (7 min in the final cycle) at 72°C. The P1/16S-Sr PCR yielded an amplicon that included near full-length 16S rDNA (about 1.5 kb). One microliter of diluted (1:30) PCR product from the first amplification was used as the template in the reaction mixtures (50 µl) for nested PCR. The PCR products (5 µl) were electrophoresed through a 1% agarose gel, stained in ethidium bromide, and visualized with a UV transilluminator. RFLP analysis of nested PCR products (1.2-kb 16S rDNA fragments) and comparison of RFLP profiles with published profiles (13) were used for identification of the putative phytoplasmas detected. The PCR products (6 µl) were digested individually with the restriction enzymes AluI, HhaI, MseI, and Sau3AI (New England Biolabs, Beverly, MA) according to manufacturer's instructions. Two aster yellows group phytoplasmas, AY1 (16SrI-B) and BB (16SrI-A), and two clover proliferation phytoplasmas, PWB (16SrVI-A) and VR, a BLTVA yellows phytoplasma (16SrVI-A), were used as reference strains for RFLP analysis (13). The restriction products were then separated by electrophoresis through a 5% polyacrylamide gel for 1 h at 150 V, stained with ethidium bromide, and visualized with a UV transilluminator.
To detect Spiroplasma citri in the carrot samples, a nested PCR assay using primer pair ScR16F1/ScR16R1 (5′-AGGATGAA CGCTGGCGGCAT-3′/5′-GTAGTCACGT CCTTCATCGT-3′) in the first amplification followed by ScR16F1A/ScR16R2 (5′-GCATGCCTAATACATGCAAG-3′/5′-ATC CATCCGCACGTTCTCGTAC-3′) in the second amplification was performed. The two primer pairs were designed based on S. citri 16S rDNA sequence (GenBank accession no. AY729936). A direct PCR assay was also carried out using primers designed based on the sequence of an S. citri virus (R. E. Davis, unpublished data). The spiroplasma virus-based primer pair, RFP3/RFM3 (5′-TAGTTAGTAAAAGCA ATCGC-3′/5′-GTTATACATCAATGTTTA CC-3′) amplified a 0.6-kb fragment. The PCR conditions were as described above except the annealing temperature was changed to 50°C. ScR16F1A/ScR16R2 PCR products (1.5 kb) were digested with restriction enzymes MseI, AluI, HhaI, and HaeIII (New England Biolabs). S. citri (strain Cir3B) and S. kunkelii (strain FL80), previously isolated from beet leafhoppers and a corn stunt-infected corn plant in California and Florida, respec- tively, were used as reference strains for the RFLP analyses. Separation and visualization of the restriction products were performed as described above. Cloning and sequencing of PCR amplified products. ScR16F1A/ScR16R2 products were purified using PCR Kleen Spin Columns (Bio-Rad, Hercules, CA) and cloned into Escherichia coli using the TOPO-TA Cloning Kit (Invitrogen, Carlsbad, CA) according to manufacturers' instructions. Sequencing was performed with an automated DNA sequencer (ABI 3730; Center for Biosystems Research, University of Maryland, College Park). Sequences were submitted to GenBank and assigned the following accession numbers: DQ112019 for S. citri Car4 and DQ112020 for S. citri Car6.
RESULTS AND DISCUSSION
Both spiroplasmas and phytoplasmas were detected in symptomatic carrot plants sampled from six carrot crops in the southern Columbia Basin of Washington. S. citri was found in each of the six fields sampled, and phytoplasmas were found in three of five fields sampled. To our knowledge, this is the first report of natural infection of carrot by S. citri. Symptomless samples tested negative for both S. citri and the aster yellows and BLTVA phytoplasmas. Of a total of 59 plant samples collected in 2003-2004 in these carrot fields, 48 (81.3%) tested positive for S. citri, eight (17.8% based on 45 samples tested) tested positive for BLTVA phytoplasma (16SrVI-A), and five (11.1% based on 45 samples tested) tested positive for aster yellows phytoplasma (16SrI-A), based on nested PCR assays using the appropriate 16S rDNA-based primer pairs (Table 1) . PCR analysis using the spiroplasma virus-based primers confirmed a high incidence of S. citri (Table 1) . S. citriinfected carrot plants exhibited distinct yellow, bronze, and purple foliage discoloration (Fig. 1A to C) , with some of the infected plants also developing fibrous secondary roots (Fig. 1D) or multiple taproots (Fig. 1C) . RFLP analyses of PCRamplified 16S rDNA sequences digested with the restriction enzymes AluI, HhaI, HaeIII, and MseI indicated that sequences obtained from the carrot samples which tested positive for S. citri had identical restriction profiles to those of the S. citri reference strain with all four enzymes and had a different profile from that of the S. kunkelii reference strain with HhaI ( Fig.  2A) . Nucleotide sequence analysis of cloned 16S rDNAs from several samples confirmed that the S. citri strains in the diseased carrot plants were very closely related to an S. citri strain (Maroc, ATCC 27556) that causes citrus stubborn disease, sharing more than 99.5% sequence homology (GenBank accession no. M22942). RFLP analyses of 16S rDNA sequences with four enzymes (AluI, MseI, HhaI, and Sau3A) revealed that eight (four Cheyenne and four Sun 255) out of 13 phytoplasmapositive plants were infected by phytoplasma strains belonging to the clover proliferation phytoplasma subgroup A (16SrVI-A) as indicated by RFLP profiles very similar or identical to those of two 16SrVI-A reference strains (PWB and VR), while five plants (multiple cultivars sampled from Prosser, WA) were infected by phytoplasma strains belonging to the aster yellows phytoplasma subgroup A (16SrI-A) as indicated by profiles identical to those of the 16SrI-A reference strain BB (Fig. 2B) . Several samples were coinfected with S. citri and either BLTVAlike phytoplasma or aster yellows phytoplasma, but none was co-infected with the two types of phytoplasma. This is the first report that group 16SrI, subgroup 16SrI-A, is present in the western coastal states of the United States.
The results of this study revealed that S. citri was the primary pathogen detected in the carrot samples that showed symptoms of general stunting, rosette formation, yellow-purple discoloration on leaf margins, and dark purple leaves and petioles. The affected plants also exhibited excess fibrous secondary roots or multiple taproots. S. citri was detected in all of the carrot samples that had severe purple leaf syndrome, while BLTVA yellows and aster yellows phytoplasmas were only detected in samples showing mild symptoms of light purple discoloration on the leaf margins. The mild symptoms may be attributed to late infection of the plants by phytoplasmas. BLTVA yellows phytoplasma can cause premature flowering and virescence in infected carrots (1,26). Aster yellows phytoplasma-infected carrots develop extensive shoot proliferation and phyllody symptoms in later stages of infection (1,14) . Initial symptoms caused by S. citri and aster yellows or BLTVA phytoplasmas may be indistinguishable. However, in the later stages of infection by S. citri, infected carrots exhibited foliar symptoms characterized by general stunting and leaf discoloration, and a lack of shoot proliferation and phyllody.
In nature, S. citri and BLTVA yellows phytoplasma are transmitted by the beet leafhopper, Circulifer tenellus (Baker) (2, 5, 8, 16, 27) . Both are important pathogens in the western coastal states. These pathogens have wide but different host ranges, and cause several economically important diseases, including citrus stubborn (caused by S. citri), tomato big bud (caused by BLTVA yellows phytoplasma), potato purple top (caused by BLTVA yellows phytoplasma), and diseases in Brassicaceae vegetable crops (caused by S. citri or BLTVA yellows phytoplasma) in California, Oregon, and Washington (3, 7, 12, (22) (23) (24) (25) (26) . Potato purple top has recently become epidemic in the Columbia Basin of northern Oregon and Washington (12) . The primary factors that determine the range of diverse natural plant hosts inhabited by these two pathogens are unknown. The natural plant host ranges of the two pathogens may be determined by interactions of the pathogen(s), vector, and host(s), with differential susceptibility of a plant host species to each pathogen as well as vector feeding preferences serving as primary determining factors.
Carrot has never been reported to be a preferred natural host of beet leafhoppers and was shown to be unable to support beet leafhopper colonies under experimental conditions (20) . Beet leafhoppers migrate in late spring and early summer after crops, including many preferred hosts of this vector, have been harvested. Therefore, beet leafhoppers may be transient feeders on carrot. Several brassicaceous and chenopodiaceous species collected during the summer of 2004 from the southern Columbia Basin region, including turnip, radish, and chard, were found to be infected with S. citri or BLTVA yellows phytoplasma (J. M. Crosslin, unpublished) . These infected vegetables could have served as the source from which the beet leafhoppers acquired both pathogens.
A survey of beet leafhopper populations in fields in the southern Columbia Basin at various times throughout the growing season indicated that beet leafhoppers were prevalent during the months of May and June and, to a lesser extent, in October, while the populations of Macrosteles spp. peaked during the months of May, October, and November (Fig. 3) . This seemed to be consistent with the appearance of infected carrots in late spring or fall. Preliminary PCR assays indicated that only beet leafhoppers carried BLTVA yellows phytoplasma and/or S. citri (5; J. M. Crosslin, unpublished) . The different incidences of the two pathogens detected in carrot samples collected from different fields and at different times in the growing season in Washington may reflect different incidences of the pathogens carried by the beet leafhoppers that fed on the plants. Alternatively, carrot may be differentially susceptible to the two pathogens.
The presence of the third pathogen, aster yellows phytoplasma, may provide clues to the spread of S. citri in carrot crops. Aster yellows phytoplasma is carried by leafhoppers of the genus Macrosteles, which have also been shown experimentally to be capable of acquiring and transmitting S. citri (17, 21) . Since Macrosteles spp. were abundant in the carrot fields sampled in October and November in Washington and carrot is a preferred host of this leafhopper, Macrosteles spp. may have contributed to the high incidence of S. citri detected.
Carrot purple leaf represents yet another economically important disease caused by S. citri. The most economically important disease caused by S. citri to date has been citrus stubborn, which is widespread in central and southern California and causes severe loss in the citrus industry (2, 3) . The beet leafhopper is abundant in California as well as in Oregon and Washington (4, 6, 10, 19) . Thus it is surprising that S. citri has never been reported to cause disease in carrots in California. If carrot purple leaf has mistakenly been attributed to the aster yellows phytoplasma in the past, the severity and economic importance of S. citri in the western coastal states may have been underestimated. 
